In Erwinia carotovora subspecies, N-acyl homoserine lactone (AHL) controls the expression of various traits, including extracellular enzyme/protein production and pathogenicity. We report here that E. carotovora subspecies possess two classes of quorum-sensing signaling systems defined by the nature of the major AHL analog produced as well as structural and functional characteristics of AHL synthase (AhlI) and AHL receptor (ExpR). Class I strains represented by E. carotovora subsp. atroseptica strain Eca12 and E. carotovora subsp. carotovora strains EC153 and SCC3193 produce 3-oxo-C8-HL (N-3-oxooctanoyl-L-homoserine lactone) as the major AHL analog as well as low but detectable levels of 3-oxo-C6-HL (N-3-oxohexanoyl-L-homoserine lactone). In contrast, the members of class II (i.e., E. carotovora subsp. betavasculorum strain Ecb168 and E. carotovora subsp. carotovora strains Ecc71 and SCRI193) produce 3-oxo-C6-HL as the major analog. ExpR species of both classes activate rsmA (Rsm, repressor of secondary metabolites) transcription and bind rsmA DNA. Gel mobility shift assays with maltose-binding protein (MBP)-ExpR 71 and MBP-ExpR 153 fusion proteins show that both bind a 20-mer sequence present in rsmA. The two ExpR functions (i.e., expR-mediated activation of rsmA expression and ExpR binding with rsmA DNA) are inhibited by AHL. The AHL effects are remarkably specific in that expR effect of EC153, a strain belonging to class I, is counteracted by 3-oxo-C8-HL but not by 3-oxo-C6-HL. Conversely, the expR effect of Ecc71, a strain belonging to class II, is neutralized by 3-oxo-C6-HL but not by 3-oxo-C8-HL. The AHL responses correlated with expR-mediated inhibition of exoprotein and secondary metabolite production.
Extracellular proteins produced by Erwinia carotovora subspecies are critical to the development of soft-rotting disease of plants and plant organs (3, 8, 9, 51) . Production of those extracellular proteins is controlled by quorum-sensing (QS) signals, plant signals, and an assortment of transcriptional factors and posttranscriptional regulators (1, 7, 11, 13, 15-17, 21, 22, 29, 30, 38, 39, 43, 50) . Of these regulators, posttranscriptional regulation by the RsmA-RsmB RNA pair is absolutely critical in the expression of exoprotein genes. RsmA is a small RNA-binding protein that promotes decay of RNA (7, 13) . rsmB specifies an untranslated regulatory RNA that binds RsmA and neutralizes its negative regulatory effect (29) . Many of the transcription factors and QS signal, known to regulate extracellular protein production, actually act via these posttranscriptional regulators (6, 11, 15, 25, 30, 39, 40) .
QS signaling systems have been found in a wide range of bacterial genera, including a variety of animal and plant pathogens. The first biological function known to be regulated in a QS signal-dependent manner is the bioluminescence in the marine bacterium Vibrio fischeri (20) . In gram-negative bacteria, the QS signal molecules are almost exclusively N-acyl-homoserine lactones (AHLs). AHLs are involved in the regulation of a range of biological functions, including bacterium-microbe and bacterium-plant/animal interactions, conjugation, virulence, motility, biofilm formation, production of secreted proteins, antibiotics, extracellular polysaccharide, pigment, and other secondary metabolites (see references 18, 19, 31, 34, 42, 48, 49, 54, 56 , and 57 and references cited therein).
Studies of the lux operon and similar AHL-controlled systems have revealed that minimally three components are required: an AHL synthase gene (a homolog of the luxI gene); AHL species; and an AHL receptor (a homolog of LuxR). In most instances, complexes between AHL and LuxR or LuxR-like proteins activate gene expression (31, 49, 53) . However, there is burgeoning evidence for exceptions to this generalization. One well-studied example is the AHL-regulated production of capsular polysaccharide (CPS) in Pantoea (Erwinia) stewartii (35, 36) . In this instance, EsaR, a LuxR homolog, inhibits the CPS production by repressing transcription of rcsA which encodes an essential coactivator of cps genes. The repressor activity of EsaR is relieved by AHL. In E. carotovora, ExpR, the putative AHL receptor of E. carotovora subsp. carotovora, activates transcription of rsmA, and AHL prevents this activation (12) . Our findings taken together with those of von Bodman et al. (54) established that ExpR is a DNA-binding protein and that its DNA-binding property is modified by AHL. Evidence was also presented showing that RsmA overproduction is indeed responsible for inhibition of extracellular enzyme/protein and secondary metabolite production in AHL-deficient bacteria.
In subsequent studies, we noticed remarkable specificity in the effects of ExpR species on extracellular enzyme production in Ecc71, which produces 3-oxo-C6-HL, and in EC153, which produces 3-oxo-C8-HL as the major AHL analog. We show that this specificity is actually conferred by AHL analogs. Comparative studies with E. carotovora subspecies revealed the occurrence of two QS signaling systems characterized by the nature of AHL analogs, sequences of AHL synthases, and specificity in the interactions between AHL and ExpR.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids are described in Table 1 . All the wild-type Erwinia strains were maintained on LB agar. The strains carrying antibiotic markers were maintained on LB agar containing appropriate antibiotics.
The compositions of LB medium and minimal salts medium have been described in previous publications (7, 41) . When required, antibiotics were supplemented as follows: ampicillin, 100 g/ml; kanamycin, 50 g/ml; spectinomycin, 50 g/ml; and tetracycline, 10 g/ml. Media were solidified using 1.5% (wt/vol) agar.
The composition of media for agarose plate assays for enzymatic activities was described by Chatterjee et al. (7) .
Extracellular enzyme assays. The extracellular pectate lyase (Pel), polygalacturonase (Peh), protease (Prt), and cellulase (Cel) activities in the culture supernatants were tested according to procedures published previously (7) . The enzymatic activities are indicated by halos around the wells on the assay plates.
Sequence alignment. Sequence alignment was performed using ClustalW at www.expasy.ch, and default parameters were used.
DNA techniques. Standard procedures were used in the isolation of plasmids and chromosomal DNA, gel electrophoresis, and DNA ligation (45) . Restriction and modification enzymes were obtained from Promega Biotec (Madison, WI). The Prime-a-Gene DNA labeling system (Promega Biotec) was used for labeling DNA probes. Southern blot analysis was carried out under high-stringency conditions (hybridization at 65°C in 6ϫ SSC [1ϫ SSC is 0. 15 (45), and boiled. The protein concentrations were determined by using the CB-X protein assay kit (Geno Technology, Inc., St. Louis, MO) according to the manufacturer's specifications. Western blot analysis of the total bacterial protein was performed as described by Muhkerjee et al. (38) . The antisera raised against RsmA of Ecc71 (15) were used as probes.
Bioluminescence assays for AHL production. Erwinia carotovora strains were grown in minimal salts-plus-sucrose medium supplemented with or without spectinomycin to a Klett value of ca. 200. Culture supernatants and high-performance liquid chromatography (HPLC) fractions were assayed for bioluminescence using Escherichia coli-based bioassay systems (7) . E. coli strain VJS533 harboring pHV200I or E. coli strain DH5␣ carrying pSB401 was used as a biosensor indicator. Relative light units (RLU) are expressed as counts per min per ml of culture. There is a linear relationship between the quantity of AHL production and the emission of bioluminescence.
Production and fractionation of AHLs. E. carotovora strains were grown in 2.5 liters of minimal salts medium supplemented with sucrose (0.5% [wt/vol]) at 28°C to a Klett value of ca. 200. Each culture supernatant was extracted with an equal volume of ethyl acetate. The ethyl acetate extracts were evaporated to dryness, and the residues were dissolved in 5 ml of distilled water. The ethyl acetate extract from EC153 was subjected to HPLC according to the method of Morin et al. (37) modified as follows. The residue in distilled water was loaded on a C 18 reverse-phase column (Jupiter 5U C 18 300A; 250 by 4.6 mm; Phenomenex). The column was eluted with a linear gradient from 0 to 50% (vol/vol) methanol in water over 60 min at a flow rate of 1 ml/min. Detection was by UV light at 210 nm. The eluted fractions were assayed for bioluminescence activity according to Chatterjee et al. (7) . Active fractions were pooled, concentrated, and rechromatographed under similar conditions for further purification.
Detection of AHLs by analytical TLC. A procedure described by Cui et al. (12) was used for the detection of AHLs by analytical thin-layer chromatography (TLC). Crude extracts were applied in volumes of 0.5 to 2.5 l to a C 18 reversephase TLC plate (150-m adsorbent layer thickness; Sigma-Aldrich, St. Louis, MO), and the chromatogram was developed with methanol-water (60:40 [vol/ vol] ). 3-Oxo-C6-HL [N-(␤-ketocaproyl)-DL-homoserine lactone, purchased from Sigma] and 3-oxo-C8-HL (kindly provided by Paul Williams, University of Nottingham, United Kingdom) were used as standards. The plates were dried and overlaid with the biosensor indicator bacterium E. coli VJS533 carrying pHV200I or DH5␣ carrying pSB401. The overlaid plates were incubated at 28°C for 2 h and exposed to X-ray film to record bioluminescent spots.
Mass spectrometry. All mass spectrometry (MS) experiments were performed on a Thermo-Finnigan TSQ7000 triple-quadrupole mass spectrometer with the API2 source and Performance Pack (ThermoFinnigan, San Jose, CA) using electrospray ionization. The inlet capillary was heated to 250°C; a 4.5-kV bias was applied to the stainless steel electrospray needle. All other voltages were optimized to maximize ion transmission and minimize unwanted fragmentation and were determined during the regular tuning and calibration of the instrument. For tandem mass spectrometry (MS/MS) experiments, the collision gas was argon and collision energies ranged from 20 to 40 eV.
For MS and MS/MS experiments, samples were infused at a rate of 10 l/min using a syringe pump (Harvard Apparatus, Holliston, MA). Nitrogen sheath gas was provided to the electrospray source at 80 lb/in 2 . The spectra acquired for each sample are an average of 150 individual scans.
The mass spectrometer is connected to an integrated Thermo-Finnigan liquid chromatography (LC) system consisting of a P4000 quaternary LC pump and SCM1000 vacuum degasser, an AS3000 autosampler, and a UV6000LP diodearray detector. This system was used for all LCMS and LCMS/MS experiments.
Expression and purification of MBP-ExpR 153 protein.
A fragment containing the entire coding region of expR 153 was PCR amplified from EC153 by using primers 5Ј-TGTGGATCCATGTCGCAATTATTTTACAACAATG-3Ј and 5Ј-TGTAAGCTTCTATGACTGAACCGGTCGGATGAG-3Ј. The fragment was digested with BamHI and HindIII and cloned into pMAL-c2g vector (New England Biolabs, Beverly, MA) to yield pAKC1221.
E. coli strain DH5␣ carrying pAKC1221 was grown in LB medium supplemented with glucose (0.2% [wt/vol]) and ampicillin at 37°C. When the culture reached an A 600 value of 0.6, isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to yield a final concentration of 1 mM. Three hours after IPTG addition, bacterial cells were collected by centrifugation. Maltose-binding protein (MBP)-ExpR 153 fusion protein was purified by amylose resin (New England Biolabs) affinity chromatography according to the protocol provided by the company. The protein concentration was determined by using an CB-X protein assay kit (Geno Technology, Inc., St. Louis, MO). Crude extracts and purified MBP-ExpR 153 were analyzed by SDS-PAGE in a 10% (wt/vol) polyacrylamide gel.
Gel mobility shift assays. The DNA fragments were generated by PCR using the primers listed as follows: rsmA 71 , 5Ј-GCTGGATCCGGCAAGCAGGAT AGAA-3Ј and 5Ј-GCTGAATTCGATTATAAAGAGTCGGGTCTCT-3Ј (corresponding to Ϫ199 to ϩ30 from the transcriptional start site T2); and rsmA 153 , 5Ј-TGCGAATTCTTGAATCCTGGGTTGCTGCTAAGC-3Ј and 5Ј-TGACTG CAGAGGGTTTCGCCAACTCGACGAGTC-3Ј (corresponding to Ϫ355 to ϩ35 from the putative translational start site). The DNA fragments were purified using the Wizard SV gel and PCR clean-up system (Promega Biotec, Madison, WI) and end labeled with [␣-
32 P]dATP and Klenow fragment. Double-stranded DNA fragments containing the expR box or part of the expR box were generated by annealing oligonucleotides (5Ј-ATGGTGTGGTTATACCATCGTCTA-3Ј plus 5Ј-TACCTAGACGATGGTATAACCACA-3Ј or 5Ј ATGGTGTGGTTA TACCATCGT-3Ј plus 5Ј-CTAGACGATGGTATAACCACA-3Ј). The probe DNAs were end labeled with [␣-
32 P]dATP and Klenow fragment. Protein-DNA interaction was assayed in 20 l of binding buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 50 mM KCl, 1 mM dithiothreitol, 0.1 mM EDTA, and 5% [wt/vol] glycerol) containing 1 g of salmon sperm DNA, 2 g of bovine serum albumin, and purified MBP-ExpR 71 or MBP-ExpR 153 proteins with or without competitors. The reaction mixtures were incubated at room temperature for 20 min and subjected to electrophoresis in 5% (wt/vol) polyacrylamide gels. The gels were dried and exposed to X-ray film.
DNase I protection analysis. The DNA probe was PCR amplified using 10 pmol of end-labeled primer 5Ј-GCTGAATTCGATTATAAAGAGTCGGGT CTCT-3Ј (corresponding to ϩ30 to ϩ9 from the transcriptional start site T2 of rsmA 71 ) and 10 pmol of unlabeled primer 5Ј-GCTGGATCCGGCAAGCAG GATAGAA-3Ј (corresponding to Ϫ199 to Ϫ178 from the transcriptional start site T2 of rsmA 71 ). PCR labeling of DNA probe and DNase I protection assays were carried out according to the procedures described by Liu et al. (28) .
␤-Galactosidase assays. Bacterial constructs were grown at 28°C in LB medium supplemented with appropriate antibiotics and AHLs as described in footnotes to the tables. The ␤-galactosidase assays were performed according to Miller (33) .
The experiments were performed at least two to three times, and the results were reproducible.
RESULTS
Characterization of AHL analogs produced by E. carotovora subspecies. To identify the AHL species produced by different E. carotovora strains, ethyl acetate extracts of spent cultures were subjected to analytical TLC assays. The TLC profiles of the samples from Eca12, SCC3193, and EC153 show two spots with retention factors identical to those of synthetic 3-oxo-C6-HL and 3-oxo-C8-HL standards, respectively ( Fig. 1A and B, lanes 1 to 3). The density of the spots identical to 3-oxo-C8-HL is much stronger than that of the spots identical to 3-oxo-C6-HL. In contrast, the samples from Ecb168, SCRI193, and Ecc71 show one spot with a retention factor identical to that of the synthetic 3-oxo-C6-HL standard (Fig. 1A and B , lanes 4 to 6). HPLC and the MS scan reveal that the levels of 3-oxo-C8-HL (153AHL2) are much higher (Ͼ22 fold) than that of 3-oxo-C6-HL (153AHL1) in EC153 (data not shown). The major AHL produced by Ecc71 (designated as 71AHL) has been identified as 3-oxo-C6-HL by HPLC fractionation and LCMS/MS (12) . To further characterize the AHL analogs produced by EC153, the ethyl acetate extract of EC153 was fractionated by HPLC on a C 18 reverse-phase column. The fractions were assayed for bioluminescence using E. coli strain VJS533 harboring pHV200I as a biosensor indicator. Two peaks corresponding to bioluminescence activity were observed: one at a retention time of about 20 min (designated as 153AHL1), which matched well with that of 71AHL, and the other one at a retention time of about 46 min (designated as 153AHL2) (Fig. 1C) . The active fractions corresponding to each peak were pooled and rechromatographed for further purification. TLC profiles show that purified 153AHL1 and 153AHL2 have retention factors identical to those of synthetic 3-oxo-C6-HL and 3-oxo-C8-HL standards, respectively (data not shown).
Analysis of 153AHL1 by LCMS/MS (data not shown) yielded a peak with retention time, parent ion, and fragment ion spectrum the same as those for standard 3-oxo-C6-HL. These results confirm that 153AHL1 is 3-oxo-C6-HL.
153AHL2 was analyzed by direct infusion MS and MS/MS (data not shown), producing the same fragment ion spectrum as that seen with standard 3-oxo-C8-HL. This verifies that 153AHL2 is 3-oxo-C8-HL.
Based upon the AHL analogs produced, the tested E. carotovora strains can be classified into two classes: class I strains produce 3-oxo-C8-HL as the major AHL analog and 3-oxo-C6-HL as a minor component, and class II strains produce 3-oxo-C6-HL as the major AHL analog. E. carotovora subsp. carotovora strains EC153 and Ecc71 were selected as the representatives of those two classes for further studies.
Having identified the AHL analogs present in Ecc71 and EC153, we tested the effects of these AHL analogs on exoenzyme production in AhlI-deficient strains of Ecc71 (AC5094) and EC153 (AC5111). The data in Table 2 and Fig. 2A show that 71AHL and 153AHL1 were much more effective in restoring enzyme production in the AhlI Ϫ strain of Ecc71 than in the EC153AhlI mutant. On the other hand, 153AHL2 was effective in restoring enzyme production in the EC153AhlI mutant but had little effect in the Ecc71AhlI mutant. These observations demonstrate that 71AHL and 153AHL1 are structurally and functionally different from 153AHL2.
Similarity in AHL synthase sequences. Alignment results (Fig.  3 ) revealed that AhlI of E. carotovora subsp. carotovora strains Ecc71 (accession no. L40174), SCC1 (accession no. AY507108), E. carotovora subsp. atroseptica strain SCRI1043 (accession no. CAG73025), CarI of E. carotovora subsp. carotovora strain GS101 (accession no. X74299), and EcbI (10) of E. carotovora subsp. betavasculorum strain Ecb168 (accession no. AF001050) share 93 to 99% identity, but these strains show ca. 70% identity with AhlI proteins of E. carotovora subsp. carotovora strains EC153 (accession no. DQ093124), SCC3193 (accession no. X80475), and E. carotovora subsp. atroseptica strain CFBP6272 (accession no. AJ580600). On the other hand, EC153, SCC3193, and CFBP6272 share 97 to 99% identity in the AhlI sequences. These data suggested that E. carotovora subsp. carotovora strains EC153 and SCC3193 as well as E. carotovora subsp. atroseptica strain CFBP6272 belong to one class, and E. carotovora subsp. carotovora strains Ecc71, SCC1, GS101, E. carotovora subsp. atroseptica strain SCRI1043 and E. carotovora subsp. betavasculorum strain Ecb168 belong to another class. We should note that strains belonging to those two classes also differ in the nature of AHL analogs produced (detailed above and in references 2, 4, and 52) and ExpR sequences (see below).
To further prove that the different AHL analogs produced by class I and class II strains are due to specificity in actions of AHL synthases, we introduced ahlI 71 ϩ plasmid pAKC1201 and ahlI 153 ϩ plasmid pAKC1222 into the AhlI-deficient mutants of Ecc71 (AC5094) and EC153 (AC5111). TLC assays (Fig. 4A) of ethyl acetate extracts of spent cultures of these constructs revealed that (i) ahlI 71 ϩ plasmid directed the production of 3-oxo-C6-HL in AC5094 and AC5111 (lane 2) and (ii) ahlI 153 ϩ plasmid specified the production of 3-oxo-C6-HL and 3-oxo-C8-HL in both AC5094 and AC5111 (lane 3). Thus, the type of AHL produced was determined by AHL synthases and not by these Erwinia hosts or biosynthetic intermediates produced by these bacteria.
Differential effects of ahlI 71 and ahlI 153 on restoration of exoenzyme production in AhlI-deficient mutants of Ecc71 and EC153. The data in Fig. 4B and Table 2 show that either ahlI 71 or ahlI 153 restores exoenzyme production in AC5094, the AhlI mutant of Ecc71. In contrast, ahlI 71 has very little effect on the exoenzyme production in the AhlI mutant of EC153, AC5111. As expected, exoenzyme production is restored in this mutant by ahlI 153 . Moreover, transcript levels of exoenzyme genes pel-1, peh-1, and celV as well as hrpN, a gene that encodes harpin, are restored by both ahlI 71 and ahlI 153 in AC5094 but restored by only ahlI 153 in AC5111 (Fig. 4C) .
Physical evidence for two classes of expR. Southern blot hybridization of EcoRI-digested chromosomal DNAs of E. carotovora strains Eca12, Ecb168, Ecc71, SCRI193, EC153, and SCC3193 with expR 3193 of E. carotovora subsp. carotovora strain SCC3193 revealed: (i) expR genes occurred in all strains examined and (ii) relatively weak hybridization bands with Ecb168, Ecc71, and SCRI193 occurred only under low-stringency hybridization and washing conditions, whereas strong hybridization bands with Eca12, SCC3193, and EC153 occurred under high-stringency conditions. Comparative analysis of expR 71 of Ecc71 and expR 153 of EC153 with sequences of expR genes available in GenBank revealed sequence divergence. The ExpR proteins of E. carotovora subsp. carotovora strains EC153 (accession no. AY894424) and SCC3193 (accession no. X80475) and E. carotovora subsp. atroseptica strain CFBP6272 (accession no. AJ580600) share more than 95% identity with each other. In contrast, Ecc71 (accession no. AY894425) and E. carotovora subsp. betavasculorum strain Ecb168 (accession no. AF001050) share ca. 60% identity with ExpR proteins of E. carotovora subsp. carotovora strains EC153 and SCC3193 and E. carotovora subsp. atroseptica strain CFBP6272, whereas as reported previously (12) Ecc71 and Ecb168 share 90% identity with each other. These data suggest the occurrence of two classes of ExpR: class I is represented by ExpR of EC153, SCC3193, and CFBP6272, and class II is represented by ExpR of Ecc71 and Ecb168. Based upon the results of Southern blot analysis, E. carotovora subsp. carotovora strain SCRI193 was also considered to possess an ExpR belonging to class II and E. carotovora subsp. atroseptica strain Eca12 to possess ExpR belonging to class I.
Effects of ExpR 71 and ExpR 153 on expression of rsmA-lacZ fusions in E. coli. To confirm that both classes of ExpR species work well as transcriptional activators in the absence of AHL, transcriptional fusion plasmids pAKC1100 (rsmA 71 -lacZ) and pAKC1106 (rsmA 153 -lacZ) were transferred into E. coli strain MC4100 carrying pCL1920, pAKC936 (expR 71 DNA), or pAKC937 (expR 153 DNA). ␤-Galactosidase assay results established that the transcription of rsmA 71 and rsmA 153 was activated by both expR 71 and expR 153 plasmids, although expR 153 was consistently more effective than expR 71 (Table 3) . 71 and rsmA 153 by gel mobility shift assays. For this, we first overexpressed ExpR 153 as an MBPExpR 153 fusion protein using the construct pAKC1221, in which the coding region of expR 153 is controlled by ptac promoter in the vector pMAL-c2g. The apparent molecular mass of the overexpressed protein (ca. 79 kDa) matched the mass of 28.7 kDa of the polypeptide deduced from the expR 153 sequence plus the mass of 50.84 kDa of MBP2-␤-gal ␣ fragment made from the pMAL-c2g. MBP-ExpR 153 was purified by using amylose resin affinity chromatography and used for gel mobility shift assay. Bandshift assay results (Fig. 5A) 71 , 900 nM of protein is required to completely shift the band, whereas only 120 nM of ExpR 153 can affect complete band shift; and (iii) the excess of cold rsmA 71 and rsmA 153 DNA abolishes the shifted band, indicating that the bindings are specific.
Identification of sequences to which ExpR 71 and ExpR 153 bind.
DNase I protection assays were performed to define the MBPExpR 71 -rsmA and MBP-ExpR 153 -rsmA binding sites. The lower strand of the rsmA upstream DNA fragment containing nucleotides (nt) Ϫ199 to ϩ30 from the transcriptional start site T2 was specifically labeled with [␥-32 P]dATP and then incubated in the presence of various concentrations of purified MBP-ExpR 71 or MBP-ExpR 153 . These MBP-ExpR 71 -rsmA and MBP-ExpR 153 -rsmA complexes were subjected to partial DNase I digestion and separated on 8% (wt/vol) polyacrylamide sequencing gels. The assay results (Fig. 6) revealed that a single 20-bp region spanning nt Ϫ57 to Ϫ38 from the transcriptional start site T2 was specifically protected by both MBP-ExpR 71 and MBP-ExpR 153 . This 20-bp sequence is designated as the expR box (Fig. 7) .
We have identified two rsmA transcriptional start sites by primer extension (data not shown). The first one (T1) is located 128 nt upstream from the putative translational start site as previously reported (13) , and the second one (T2) is located 46 nt upstream from the putative translational start site (Fig. 7A) . DNAs was compared by assaying for ␤-galactosidase (Fig. 7B) . In MC4100 carrying pAKC1100, pAKC1101, or pAKC1103, ␤-galactosidase levels were stimulated in the presence of expR 71 ϩ (pAKC936) or expR 153 ϩ (pAKC937) since all three fusions contain the 20-mer expR box sequences. pAKC1100 and pAKC1101 contain both transcriptional start sites (T1 and T2), whereas pAKC1103 contains only T2. expR 71 ϩ and expR 153 ϩ DNAs failed to stimulate the expression of lacZ in pAKC1102, which contains the expR box but lacks the transcriptional start site T2. pAKC1104, which does not contain the expR box, produced very low levels of ␤-galactosidase in the presence or absence of expR 71 ϩ or expR 153 ϩ DNAs. These results, particularly the observation that expR 71 and expR 153 stimulate the expression of pAKC1103, which contains the expR box and T2, strongly suggest that ExpR-activated rsmA transcription is initiated from the T2 start site.
Specificity of 3-oxo-C6-HL and 3-oxo-C8-HL on neutralization ExpR 71 and ExpR 153 effects.
The data presented above demonstrate that both ExpR 71 and ExpR 153 bind rsmA 71 and rsmA 153 and activate the expression of rsmA 71 -lacZ and rsmA 153 -lacZ fusions. However, exogenous addition of 3-oxo-C6-HL (71AHL and 153AHL1) restored extracellular enzyme production in the AhlI mutant of Ecc71 but not in the EC153 AHL-deficient strain. In contrast, 3-oxo-C8-HL (153AHL2) restored exoenzyme production in the EC153 AHL-deficient strain but not in the AhlI mutant of Ecc71 ( Fig. 2A; Table 2 ). To resolve this apparent paradox, we invoked the possibility that the two classes of ExpR species respond differently to specific AHL species. To test this hypothesis, we examined the effects of 71AHL, 153AHL1, and 153AHL2 on expR-mediated activation of rsmA expression in E. coli strain MC4100. The results of ␤-galactosidase assay in Table 4 revealed that in the presence of 71AHL or 153AHL1, expression of rsmA 71 -lacZ in MC4100 carrying pAKC1100 and pAKC936 (expR 71 ϩ plasmid) was reduced to the basal level (i.e., the level in MC4100 carrying pAKC1100 and pCL1920), whereas 153AHL2 was totally a Bacteria were grown at 28°C in LB agar supplemented with spectinomycin and tetracycline to a Klett value of ca. 250, and the whole cultures were used for the assay.
b The relevant genes carried by bacteria are given. c Values are means Ϯ standard deviations of three repetitions.
ineffective in neutralizing the action of ExpR 71 : i.e., the ␤-galactosidase level remained high. In contrast, expression of rsmA 71 -lacZ in MC4100 carrying pAKC1100 and pAKC937 (expR 153 ϩ plasmid) was much reduced in the presence of 153AHL2, while 71AHL and 153AHL1 had little or no effect on expression of rsmA 71 -lacZ in MC4100 carrying pAKC1100 and pAKC937 (Table 4 ). These results demonstrate that in E. coli, ExpR 71 and ExpR 153 stimulate the expression of rsmAlacZ in the absence of AHL and the effects are neutralized in an AHL-specific manner. To eliminate the possibility of arti- 
DISCUSSION
In this study, we have demonstrated that several members of E. carotovora subspecies, which are otherwise closely related, possess two classes of structurally and functionally distinct ExpR species. Strains containing these two classes of ExpR also differ in the sequences of AHL synthases, profiles of AHL analogs, and specificity in their interaction with ExpR species. The data shown here strongly suggest that AHL biosynthetic specificity mainly resides with AHL synthases and is not due to precursor availability or the lack of it. For example, the AhlI mutant of Ecc71 carrying the ahlI gene of class I strain EC153 produces 3-oxo-C8-HL and 3-oxo-C6-HL, AHL analogs similar to those produced by the EC153 wild type. Moreover, the AhlI mutant of EC153 carrying ahlI 71 produces only 3-oxo-C6-HL as the major AHL analog (Fig. 4A) and not both 3-oxo-C8-AHL and 3-oxo-C6-HL. These findings support the observations of Brader et al. (4) that the acyl-chain-length specificity of AHL depends on AHL synthases.
Class I strains produce 3-oxo-C8-HL as the major AHL analog and 3-oxo-C6-HL as a minor component. In this case, the major and minor designations are used to describe their relative abundance. The class II strains produce 3-oxo-C6-HL as the main and the only detectable AHL. However, the AHL profile, especially the composition of minor AHL components, may be variable, depending upon bacterial strains and growth conditions. This is supported by two recent reports documenting that soft-rotting Erwinia carotovora subspecies produce, in relatively low concentrations, an assortment of AHL species (see for example references 46 and 52). Brader et al. (4) found that E. carotovora subsp. carotovora strain SCC3193 produces 3-oxo-C8-HL as the main AHL species in LB medium or in planta. Our results, however, reveal that class I strains including SCC3193 produce relatively low but readily detectable levels of 3-oxo-C6-HL in addition to 3-oxo-C8-HL. This apparent contradiction may be attributed to differences in culture conditions and the use of different biosensors to identify the AHL analogs.
Amino acid residues of AHL synthases responsible for the AHL biosynthetic specificity have been previously identified by Chakrabarti and Sowdhamini (5) . Comparison of AhlI sequences between class I and class II strains in light of their findings allows predictions of amino acid residues responsible for specificity in AHL synthesis. Specific residues of 3-oxo-C6-HL-producing synthases, such as Phe69, Tyr96, Phe102, Lys106, Pro118, Ile119, Val121, Leu123, Leu125, Ile142, Ile150, and Leu151, are present except for Val121 in class II E. carotovora strains, which produce only 3-oxo-C6-HL. On the other hand, only Tyr96, Phe102, Lys106, Pro118, Leu125, Ile150, and Leu151 are present in class I E. carotovora strains, which produce 3-oxo-C8-HL and relatively low levels of 3-oxo-C6-HL, implying those seven residues determine the biosynthetic specificity of 3-oxo-C6-HL synthase. Among 12 of the possible 3-oxo-C8-HL synthase-specific residues (5), only 5 residues (Leu69, Thr111, Leu125, Ala126, and Thr127) are present in class I E. carotovora strains. Brader et al. (4) by mutational analysis identified the residue Met127 in ExpI SCC1 (AHL synthase of E. carotovora subsp. carotovora strain SCC1, which produces 3-oxo-C6-HL) as critical for the determination of the substrate chain length. Introduction of mutagenized expI SCC1 in which Met127 and Phe69 were replaced with Thr127 and Leu69, respectively, led to the production of 3-oxo-C8-HL. The AhlI sequence alignment (Fig. 3) shows that AHL synthases of class II strains possess Met127 and Phe69, whereas AHL synthases of all class I strains contain Thr127 and Leu69. These observations taken together with the results of Brader et 71 and ExpR 153 reveal high homology between the HTH motifs of those two ExpRs, there are differences in six residues between them. Whether these residues are responsible for the observed differences awaits clarification.
N-terminal AHL binding domains, as opposed to the Cterminal HTH domains, are significantly different between the ExpRs of two classes. These differences are potentially significant in the context of specificity of interactions with AHL species. The evidence provided in this report demonstrates that ExpR 153 preferentially interacts with one of the AHL species (153AHL2; 3-oxo-C8-HL) it produces but poorly interacts with the other AHL species, which is also produced by Ecc71 (153AHL1 or 71AHL; 3-oxo-C6-HL). ExpR 71 , on the other hand, interacts only with 71AHL (3-oxo-C6-HL) but not with 3-oxo-C8-HL. Specific interactions of ExpR 153 and ExpR 71 with 153AHL2 and 71AHL, respectively, lead to the inactivation of transcriptional activity of these ExpR species. This conclusion is supported by the following data: (i) 3-oxo-C6-HL prevents ExpR 71 -rsmA binding, whereas 3-oxo-C8-HL inhibits ExpR 153 -rsmA binding (Fig. 5) ; (ii) 3-oxo-C6-HL or 3-oxo-C8-HL specifically neutralizes the effects of expR 71 or expR 153 on expression of rsmA-lacZ fusion in E. coli (Table 4) ; (iii) ahlI 71 or ahlI 153 as well as exogenous additions of purified 3-oxo-C6-HL or 3-oxo-C8-HL specifically reduces the levels of rsmA transcript and RsmA protein (Fig. 2B and C and Fig. 4D) .
Consistent with the effects of specific AHL analogs on the ExpR-rsmA binding and the ExpR-mediated activation of rsmA transcription is our finding that most of the pleiotropic effects of expR products in homologous system (i.e., expR 71 in class II strains and expR 153 in class I strains) are neutralized by AHL analogs produced in respective bacterial cells. In contrast, ExpR molecules are transcriptionally proficient in heterologous systems, activating RsmA production and concomitantly inhibiting exoprotein production (data not shown). In Ecc71 or class II strains, ExpR 153 would not interact with the 3-oxo-C6-HL these bacteria produce and ExpR consequently is predicted to occur predominantly as free ExpR 153 . Likewise, in class I strains, ExpR 71 most likely does not interact with 3-oxo-C8-HL and should mostly occur as free ExpR 71 .
It is now apparent that several E. carotovora subspecies use two AHL signaling systems to control gene expression. One comprising ExpR/AHL controls extracellular protein and secondary metabolite production. In this case, the primary target of regulation is rsmA, which specifies a global RNA regulator. The other, consisting of CarR/AHL, controls antibiotic production (32, 55) . In this instance, AHL-CarR complex activates transcription of the car genes required for antibiotic biosynthesis. Thus, these bacteria possess two regulatory systems, both requiring AHL, to regulate gene expression. In the absence or in the presence of a low concentration of AHL, bacteria activate rsmA transcription, leading to the inhibition of secreted proteins and secondary metabolites, including antibiotics. As the AHL pool size increases, ExpR is inactivated, rsmA transcription is reduced, and expression of genes for exoproteins and secondary metabolites commences. Concomitantly, the AHL-CarR complex is assembled, leading to the activation of transcription of antibiotic biosynthetic genes. In this manner, E. carotovora subspecies uses AHL for global control as well as gene/operon-specific regulation. a Bacteria were grown at 28°C in LB agar supplemented with spectinomycin and tetracycline to a Klett value of ca. 100 and divided into four flasks. Three flasks were used for adding 71AHL, 153AHL1, or 153AHL2 (to a final concentration of 50 M), respectively, and the other one was used as control (added water). After an additional 3 h of incubation at 28°C, cultures were used for assay.
b The relevant characteristics of the genes carried by bacteria are given. c Values are means Ϯ standard deviations of three repetitions.
